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Abstract 

Using the Walecka model, we investigate theoretically whether an u meson is 
bound to finite nuclei. We study several nuclei from 6 He to 208 Pb, and compare 
the results with those in the quark-meson coupling (QMC) model. Our calculation 
shows that deeper w-nucleus bound states are predicted in the Walecka model than 
in QMC. One can expect to detect such bound states in the proposed experiment 
involving the (d, 3 He) reaction at GSI. 
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The study of the properties of hadrons in a hot and/or dense nuclear medium is one 
of the most exciting new directions in nuclear physics The recent experimental 

data observed at the CERN/SPS by the CERES § and HELIOS [0] collaborations has 
been interpreted as evidence for a downward shift of the vector meson mass in dense 
nuclear matter [|ll|]. To draw a more definite conclusion, measurements of the dilepton 
spectrum from vector mesons produced in nuclei are planned at TJNAF [12] and GSI [pl| 
(see also Refs.fTJ, |15|). 

Recently a novel approach to the study of meson mass shifts in nuclei was suggested 
by Hayano et al. [16], using the (d, 3 He) reaction at GSI [T7| to produce real 1] and uj 
mesons with nearly zero recoil. If the meson feels a large enough, attractive (Lorentz 
scalar) force inside a nucleus, the meson is expected to form meson-nucleus bound states. 



Hayano et al. [[y| have estimated the binding energies for various 77- and cu-mesic nuclei. 



We have also reported possibility of such bound states |19[ using the quark-meson coupling 
(QMC) model ||, in which the structure of the nucleus can be solved self-consistently, 
including the explicit quark structure of the nucleons. In this report we study several 
cu-mesic nuclei ( 6 He, n B, 26 Mg, 16 0, 40 Ca, 90 Zr and 208 Pb - the first three are the final 
nuclei in the proposed experiments at GSI ||T6|, |T8||) using an alternative, relativistic nuclear 
model, namely, the Walecka model or Quantum Hadrodynamics (QHD) f2T| . We compare 
the results with those found in QMC [ p~9f| . 

In Ref . H we have already studied the propagation of the uj meson with finite three 
momentum in infinite, symmetric nuclear matter within QHD-I, using the relativistic 
Hartree approximation. We also calculated the dispersion relation (in the time-like region) 
to get the "invariant" mass of the uj within the relativistic, random-phase approximation. 



The "invariant" mass, m* , is defined by yg 2 — g 2 , where go and q = |g| are the energy 
and three momentum of the uj, respectively, and they are chosen so that the real part 
of the dielectric function in the full propagator vanishes. We do not repeat the details 
of the calculation here. Instead, we show m* in Fig. | as a function of the nuclear 
density p#. (For more information, see Ref.||.) The result shown includes the effect of 
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o-uj mixing in nuclear matter, which is, however, not large below normal nuclear matter 
density (po — 0.15 fm~ 3 ). Furthermore, for low q the separation between the longitudinal 
(L) and transverse (T) modes is very small. 

Since the proposed experiment at GSI Jl6, [Tj| might produce an u meson with 



nearly zero recoil in a nucleus, it should be sufficient to consider the u with low q and 
ignore the separation between the L and T modes. Using the results shown in the figure 
we shall parametrize the "invariant" mass of the u with q = 1 MeV (the solid curve in 
Fig. I!]) as a function of density. It is approximately given by 



312.45a; + 199.40x 2 - 59.277x 3 + 8.8427a; 4 - 0.52x 5 , 



where all quoted numbers are in MeV, m u (=783 MeV) is the mass in free space and 
x — Pb/ Po- This reproduces m* well up to three times normal nuclear matter density. 

Once one knows the density distribution of a nucleus, one can extract an effective 
potential for the u meson from the "invariant" mass, assuming local density approxima- 
tion. Because the u consists of the (same-flavor) quark and antiquark, we expect that the 
uj meson does not feel the repulsive, Lorentz vector potential generated by the nuclear 
environment. The total potential felt by the u is then given by m* (r) — m u , where m* 
now depends on the position from the center of the nucleus. In Fig. 0, we show the poten- 
tial for an u meson in 40 Ca, together with the density distribution. We can see that the 
potential generated in QHD is rather deeper than that given by QMC (To get the density 
distribution in QHD we have used the program of Horowitz et al. PHI .) In a nucleus the 
(static) w-meson field, <f> u , is then governed by the Klein-Gordon equation: 

V 2 + El-m^(r)] &,(f) = 0. (2) 

An additional complication, which has not been added so far, is the meson absorp- 
tion in the nucleus. This requires an imaginary part for the potential to describe the 
effect. At the moment, we have not been able to calculate the in-medium width of the 
meson, or the imaginary part of the potential in medium, self-consistently within the 
model. In order to make a more realistic estimate for the meson-nucleus bound states, 



we shall include the width of the uo meson in the nucleus assuming the phenomenological 
form: 

i 

m*(r) = m*(r) - - [(m w - m* (r))7 w + r w ] , (3) 
= <(r)- l -r:(r), (4) 

where r^(=8.43 MeV) is the width in free space. In Eq. (f|), 7^ is treated as a phenomeno- 
logical parameter chosen so as to describe the in- medium meson width, T* . 

According to the estimates in Refs. || [7J, the width of the u at normal nuclear 
matter density is not large, typically a few tens of MeV: T* ~ 30 — 40 MeV. Thus, 
we calculate the single-particle energies using the values for the parameter appearing in 
Eq. (H), 7^ = 0,0.2 and 0.4, which covers the estimated range. Thus we actually solve 
the following, modified Klein-Gordon equation: 



Mr) = °- (5) 



Equation dg) has been solved in momentum space by the method developed in Ref. |22 . 
(We should mention that the advantage of solving the Klein-Gordon equation in momen- 
tum space is that it can handle quadratic terms arising in the potentials without any 
trouble, as was demonstrated in Ref. |22]| .) 

Now we are in a position to show our main results. In Tables |1] and |2| the calculated 
single-particle energies for the oj meson are listed. (In Table |2| the results of QMC 
are shown for comparison.) Our results suggest that one should expect to find bound 
w-nucleus states, as suggested by Hayano et al. |16|, |18] and by our previous work Jl9| . 



We have found that much deeper levels are predicted in QHD than in QMC because of 
the stronger, attractive force in QHD - as shown in Fig|| Note that the real part of 
the eigenenergy of the u meson is very insensitive to the in-medium width. We may 
understand this quantitatively, because the correction to the real part of the eigenenergy 
should be of order T^/Sm^, which is a few MeV (repulsive) if we choose T* ~ 100 
MeV. For a more consistent treatment, we need to calculate the in-medium meson width 
self-consistently within the model. 



To summarize, we have calculated the single-particle energies for omesic nuclei 
using QHD and compared the results with those of QMC Although the specific form 
for the width of the meson in medium could not be calculated in this model, our results 
suggest that one should observe cu-nucleus bound states for a relatively wide range of 
the in-medium meson width. In particular, even in the light nuclei QHD gives very deep 
single-particle levels (~ 100 MeV), while QMC predicts much shallower levels. If the 
cu-nucleus bound states could be observed in the future it would enable us to distinguish 
between QHD and QMC. 
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Table 1: Calculated ui meson single-particle energies in QHD, E = Re(E u — m w ), and 
full widths, T, (both in MeV) in various nuclei, where the complex eigenenergies are, 
E u = E + m u - iT/2. See Eq. (D for the definition of 7 W . In the light of T in Refs. |, 0, 
the results with 7^ = 0.2 are expected to correspond best with experiment. The first 
three nuclei are the final nuclei in the proposed experiment using the (d, 3 He) reaction at 



gsi |]| m. 





7^=0 


7^=0.2 


7^=0-4 




e r 


e r 


e r 


iRe Is 


-97.4 7.9 


-97.4 33.5 


-97.2 59.1 


i x B Is 


-129.0 8.0 


-129.0 38.5 


-128.9 69.0 


5 6 Mg Is 
lp 
2s 


-143.6 8.2 
-120.9 7.9 
-80.7 7.7 


-143.6 39.8 
-120.9 37.8 
-80.7 33.2 


-143.6 71.5 
-120.9 67.7 
-80.6 58.8 


i 6 Is 
lp 


-134.1 8.1 
-103.4 7.9 


-134.1 38.7 
-103.4 35.5 


-134.0 69.3 
-103.4 63.3 


4°Ca Is 
lp 
2s 


-147.6 8.2 
-128.7 8.0 
-99.8 7.8 


-147.6 40.1 
-128.6 38.3 
-99.8 35.6 


-147.6 72.0 
-128.6 68.6 
-99.8 63.5 


9 °Zr Is 

UJ 

lp 

2s 


-154.3 8.3 
-143.3 8.2 
-123.4 8.0 


-154.3 40.6 
-143.3 39.8 
-123.4 38.0 


-154.3 73.0 
-143.3 71.4 
-123.4 68.0 


2° 8 Pb Is 
lp 
2s 


-157.4 8.4 
-151.3 8.3 
-139.4 8.1 


-157.4 40.8 
-151.3 40.5 
-139.4 39.5 


-157.4 73.3 
-151.3 72.7 
-139.4 70.8 
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Table 2: As in Fig.[I], but for QMC. 





7^=0 


7^=0.2 


7^=0.4 




e r 


e r 


e r 


6He Is 


-55.7 8.1 


-55.6 24.7 


-55.4 41.3 


i x B Is 


-80.8 8.1 


-80.8 28.8 


-80.6 49.5 


u ivi 6 ib 
1 P 

2s 


-QQ 7 8 9 
-78.5 8.0 
-42.9 7.9 


-QQ 7 ^1 1 
-78.5 29.4 
-42.8 24.8 


-QQ 7 54 fl 
-78.4 50.8 
-42.5 41.9 


JfO Is 

lp 


-93.5 8.1 
-64.8 7.9 


-93.4 30.6 
-64.7 27.8 


-93.4 53.1 
-64.6 47.7 


*Ca Is 
lp 
2s 


-111.3 8.2 
-90.8 8.1 
-65.6 7.9 


-111.3 33.1 
-90.8 31.0 
-65.5 28.9 


-111.3 58.1 
-90.7 54.0 
-65.4 49.9 


9°Zr Is 
lp 
2s 


-117.3 8.3 
-104.8 8.2 
-86.4 8.0 


-117.3 33.4 
-104.8 32.3 
-86.4 30.7 


-117.3 58.6 
-104.8 56.5 
-86.4 53.4 


2° 8 Pb Is 
lp 
2s 


-118.5 8.4 
-111.3 8.3 
-100.2 8.2 


-118.4 33.1 
-111.3 32.5 
-100.2 31.7 


-118.4 57.8 
-111.3 56.8 
-100.2 55.3 
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Figure 1: The "invariant" mass of the u meson in matter, including o-uj mixing. The 
solid curve is for q — 1 MeV, where the L and T modes are almost degenerate. The 
dashed curves are for q = 500 MeV, in which case the L and T modes are well separated. 
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Figure 2: Potentials for the u> meson and the density distributions in 40 Ca. The results 
for QHD are shown by dashed curves, while those for QMC are shown by solid curves. 
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